Eukaryotic cells internalize transmembrane receptors via clathrin-mediated endocytosis, 12 but it remains unclear how the machinery underpinning this process is regulated. We recently 13 discovered that membrane-associated muniscin proteins such as FCHo and SGIP initiate 14 endocytosis by converting the AP2 clathrin adaptor complex to an open, active conformation 15 that is then phosphorylated (Hollopeter et al., 2014). Here we report that loss of ncap-1, the sole 16 C. elegans gene encoding an adaptiN Ear-binding Coat-Associated Protein (NECAP), bypasses 17 the requirement for FCHO-1. Biochemical analyses reveal AP2 accumulates in an open, 18 phosphorylated state in ncap-1 mutant worms, suggesting NECAPs promote the closed, 19 inactive conformation of AP2. Consistent with this model, NECAPs preferentially bind open and 20 phosphorylated forms of AP2 in vitro and localize with constitutively open AP2 mutants in vivo.
INTRODUCTION

25
Eukaryotic cells internalize transmembrane protein cargo, such as laden receptors, by 26 enrobing cargo-containing regions of the plasma membrane with a cytosolic clathrin coat. The
27
GTPase dynamin releases the nascent transport vesicle into the cytosol for subsequent delivery 28 multicellular fungus, Sphaerobolus stellatus, recapitulated the reduced fitness of fcho-1 mutants 147 ( Figure 3A ) and caused AP2 to adopt a more closed, protease-insensitive state ( Figure 3B) . It 148 appears that NECAPs have retained the ability to negatively regulate AP2, at least in C. 149 elegans.
151
NECAPs bind the open and phosphorylated AP2 core in vitro 152 We hypothesized that NECAPs might negatively regulate AP2 by binding directly to the 153 complex. Indeed, affinity-tagged NECAPs co-purified endogenous AP2 complexes from 154 HEK293 cells ( Figure 4A ), consistent with previous reports (Ritter et al., 2003) . NECAPs are 155 thought to bind the AP2 α adaptin appendage domain and the clathrin binding box in the β2 
163
Because open and phosphorylated AP2s accumulate in ncap-1 mutants, we reasoned 164 that NECAPs might act upon these modified forms of AP2. To test our hypothesis, we 
10
We were curious whether phosphorylation of AP2 is a prerequisite for NECAP binding.
the in vivo protease-sensitivity assay (Hollopeter et al., 2014) . However, when we purified 190 vertebrate AP2 cores containing the phosphorylation site mutation (T156A; Figure 1 -figure 191 supplement 1C) and tested their ability to bind mouse NECAP2, we observed very little 192 interaction in pulldown assays ( Figure 4C ). This result suggests that NECAPs do not bind 193 phosphorylation-defective AP2. To determine whether the phosphorylation site mutants also 194 impact NCAP-1 association with AP2 in vivo, we examined the localization of RFP:NCAP-1 in 195 µ2(T160A) mutant worms. Compared to mutants with hyper-phosphorylated AP2 (E306K), the 196 T160A mutants had less NCAP-1 at the nerve ring ( Figure 5 ). These results are consistent with 197 the model that NCAP-1 associates with AP2 in a phosphorylation-dependent manner.
198
The preferential association of NCAP-1 with the hyper-phosphorylated AP2 (E306K) compared to the phosphorylation-defective AP2 (T160A) was not simply due to differences in In C. elegans, loss-of-function mutations in ncap-1 bypass the requirement for FCHO-1.
210
These results could be consistent with two distinct models: 1) NCAP-1 maintains the closed 211 conformation of AP2 until FCHO-1 releases this inhibition, or 2) NCAP-1 generates the closed 212 conformation of AP2, either directly or indirectly, and this form predominates in the absence of 213 FCHO-1. The results of our biochemical and imaging data are consistent with the latter;
214
NECAPs bind the open, phosphorylated AP2 core and restore the closed form of the complex in 215 vivo. We propose that NECAPs act downstream of muniscin function and µ2 phosphorylation to 216 inactivate AP2 ( Figure 6 ).
218 fcho-1 suppressors disrupt the AP2 inactivation pathway
219
In the absence of FCHO-1, nematodes exhibit reduced fitness and AP2 dwells in a 220 closed, hypo-phosphorylated state. Using an unbiased genetic screen, we isolated mutations 221 that independently improve the fitness of fcho-1 genetic nulls. These fcho-1 suppressors occur 222 in three distinct classes: dominant missense mutations that (1) disrupt the closed conformation 223 of AP2 or (2) mutate the phosphorylation site on µ2, and (3) recessive mutations that inactivate 224 NCAP-1. We propose that these mutations rescue fcho-1 by restoring AP2 activity, but that they 225 achieve this through different mechanisms. Previously, the phosphorylation site mutants 
257
The accumulation of phosphorylated AP2 in the absence of NCAP-1 indicates that 258 phosphorylation also precedes NECAP activity but is it unclear whether the phospho-threonine 259 is an essential feature of the NECAP-AP2 interface. Changing the threonine to a 13 phosphorylation-defective alanine does appear to disrupt the association of NECAPs with AP2.
261
However, we have not excluded the possibility that this mutation simply precludes NECAP 262 binding by altering the conformation of AP2. Indeed, we observed that NECAPs bind open AP2 263 cores that have not been phosphorylated (the E302K cores, Figure 4B The starvation assay was performed as previously described (Hollopeter et al., 2014) 302 except that the assay was performed at 25˚C for Figure 1C . 
332
Strains are listed in Supplementary file 1A.
333
Western blots and SYPRO staining with SYPRO for 4-16 h at room temperature in the dark with gentle agitation. Gels were then 360 washed 2 X 15 min in 10% methanol/7% acetic acid and then 2 X 5 min in water before imaging 361 on a Bio-Rad ChemiDoc MP system. 
378
For Figure 3 , the coding sequences of NECAPs were amplified from plasmid templates 379 using the following primers: oEP366-7 for C. elegans NCAP-1 (NM_061997.5), oEP409-10 for 380 M. musculus NECAP1 (BK000656.1) and oEP407-8 for M. musculus NECAP2 (BK000657.1).
381
The coding sequence of NECAP from Sphaerobolus stellatus (Cannonball Fungus protein 
